Electrochemical processes at liquid | liquid | electrode interfaces involve simultaneous ion transfer and electron transfer. When driven at triple phase boundary electrode systems, electron and ion transfer occur in the same interfacial reaction zone. In this report, preliminary work with a novel electrode system based on two coupled triple phase boundary reaction zones is described. An inter-digitated gold band array with 7 µm gold bands separated by 13 µm gaps is employed immersed in aqueous electrolyte with a water immiscible solution of the redox system N,N-diethyl-N'N'-didodecylphenylenediamne (DDPD) in 4-(3-phenylpropyl)-pyridine (PPP) immobilised on the surface. Well-defined generator -collector feedback currents are observed which depend on the volume of deposit, the concentration of the redox system, and the nature of the aqueous electrolyte.
Introduction
Processes at liquid | liquid interfaces are of importance in analytical applications [1] and in many biological processes [2] . Electrochemical polarisation of liquid | liquid interfaces allows extraction of thermodynamic and kinetic data for ion transfer processes [3] .
Experimental approaches to liquid | liquid ion transfer processes are based on (i) fourelectrode potentiostat systems with two ionically conducting but immiscible liquid phases [4] , (ii) three-electrode potentiostat systems with thin film water immiscible films at electrode surfaces [5] , and (iii) three-electrode measurements with triple phase boundary systems [6] . In the latter case a water-immiscible organic liquid without intentionally added supporting electrolyte is deposited onto a suitable electrode surface and simultaneous electron and ion transfer processes are observed in the triple phase boundary reaction zone [7] .
Experimental work on liquid | liquid | electrode triple phase boundary systems has been carried out predominantly with microdroplet array randomly [8] or orderly [9] deposited on a conducting substrate. The use of a wire electrode penetrating the liquid | liquid interface has been reported [10] . Recently, also the use of a flowing triple phase boundary system in microfluidic cells has been investigated [11, 12] . There is one previous report where a femtoliter amount of redox liquid was placed into the gap of a gold junction electrode and generator-collector feedback currents were observed between two triple phase boundary zones [13] . However, due to the microscopic size of the junction electrode, currents remained very low. In this report two coupled triple phase boundary 4 processes are induced by placing microdroplets of water immiscible 4-(3-phenylpropyl)pyridine droplets onto an extended array of interdigitated gold band electrodes. Figure 1 shows an SEM image of the array electrode and a schematic drawing of the coupled triple phase boundary process (see Figure 1C ).
Figure 1.
At the gold generator electrode (WE1 in Figure 1C ) an oxidation process is expected to be driven by the applied potential and anions from the aqueous solution phase are transferred into the organic phase. At the gold collector electrode (WE2 in Figure 1C ) the corresponding reduction is carried out and the associated anion expulsion process occurs.
In this report preliminary evidence for this kind of coupled ion insertion, transport, and expulsion process is given. This coupled generator-collector mechanism will be more effective (compared to simple triple phase boundary processes) in particular for potential analytical applications by providing (i) an enhanced current, (ii) a steady state electrochemical response, and (iii) additional "time-of-flight" information.
Experimental

Reagents
Potassium perchlorate, potassium nitrate, 4-(3-phenylpropyl)-pyridine (PPP) and acetonitrile were obtained commercially (Sigma-Aldrich). N,N-didodecyl-N',N'-diethyl-phenylene-diamine (DDPD) was prepared following a literature method [14] .
Demineralised and filtered water was taken from a Thermo Scientific water purification system (Barnstead Nanopure) with not less than 18.2 MΩ cm resistivity. Experiments were conducted at 20 ± 2 o C.
Instrumentation
For electrochemical measurements a PSTAT 30 bipotentiostat system (Autolab, EcoChemie, Netherlands) was employed. In electrochemical experiments a conventional four-electrode cell with platinum wire counter and saturated calomel reference (SCE, REF401, Radiometer, Copenhagen) were employed. SEM images were obtained using a JEOL JSM6480LV system. Samples were gold sputter-coated prior to SEM imaging.
Procedures
Electrochemical measurements were conducted with a lithographically produced interdigitated gold band array (see Figure 1 ) with a band width 7 µm, gap 13 µm, electrode length 1.5 mm, and a total number of 108 band electrodes (produced at IMB-CNM. CSIC, Campus de la Universidad Autonoma de Barcelona [15] ). The gold band 
Results and Discussion
Liquid | Liquid Electrochemical Processes at Interdigitated Gold Band Electrode Arrays I.: DDPD Oxidation and Re-reduction Coupled to Anion Transfer
Initially, the oxidation of DDPD (0.12 M in PPP) was investigated for microdeposits on gold interdigitated arrays immersed in aqueous 0.1 M NaClO 4 electrolyte solution. 
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In order to optimize the current responses the volume of PPP solution deposited on the gold IDE surface was systematically varied. Figure 2B shows the plot of the generator currents. For a low volume of deposit (<20 nL) a considerable problem with reproducibility is observed probably due to the ill-defined distribution of the microdeposit over the interdigitated array electrode. For an intermediate volume (20 nL to 40 nL) more reproducible current data are obtained. By further increasing the volume of deposit currents decrease again probably due to "flooding" of the electrode surface and a diminished triple phase boundary reaction zone. Good generator -collector feedback currents are expected when droplets are deposited within the gap between two adjacent gold electrodes (see Figure 1C ).
The mechanism for the coupled processes can be assigned to the oxidation and rereduction of DDPD with simultaneous transfer of anions from/into the aqueous solutions phase (see equations 1 and 2 [17] ).
Generator:
DDPD(org) + X -(aq) → DDPD + (org) + X -(org) + e -
Collector: DDPD + (org) + X -(org) + e -→ DDPD(org) + X -(aq) (2)
Liquid | Liquid Electrochemical Processes at Interdigitated Gold Band Electrode Arrays II.: DDPD Concentration Effects
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The concentration of the DDPD redox system can be shown to systematically affect the limiting current plateau. Figure 3A shows typical cyclic voltammograms for 12 mM, 60 mM, and 120 mM DDPD in PPP and the current plateaus for both generator and collector current are approximately proportional to the DDPD concentration.
Figure 3.
In order to assess the efficiency of generator-collector electrode system the data of the volume dependence of PPP solution was plotted as the collector limiting currents versus the generator limiting currents (see Figure 3B ). The dependence is almost linear with a slope of 0.92 indicating that more than 90% of transferred anions (inserted into the organic phase at the generator electrode triple phase boundary) are transferred back into the aqueous phase at the collector electrode.
Liquid | Liquid Electrochemical Processes at Interdigitated Gold Band Electrode Arrays III.: Electrolyte Effects
For analytical processes, the response for the novel generator -collector electrode system to different types of electrolyte systems is of interest. Cyclic voltammograms in Figure 4 demonstrate a strong electrolyte effect.
Figure 4.
The voltammetric responses for both generator and collector are strongly shifted in potential revealing an approximate reversible potential for the triple phase boundary reaction of ca. 0.05 V vs. SCE for ClO 4 anions and 0.23 V vs. SCE for NO 3 - anions. As expected, the more hydrophilic anions are transferred at a more positive potential [18] .
Perhaps surprisingly, the plateau current also is affected by the nature of the anion. The more hydrophilic nitrate anion is causing a substantial increase in the plateau current.
This suggests an increased rate of mass transport between generator and collector electrode for nitrate. The transport from generator to collector requires both DDPD + cations and NO 3 anions to move. A simple diffusion process through the organic PPP phase is possible, but the accelerated transport at the liquid | liquid interface [19] is more likely to explain the substantially enhanced rate of transport. Further more systematic work will be required to explore the effect of anions, the mechanism, and analytical applications. 
Conclusions
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